Abstract. Cross-correlation of complex, picosecond-range, temporal shapes is demonstrated experimentally with the help of a filter recorded in an organic spectral hole-burning material.
With present electronic equipment it is difficult to perform a temporal analysis of optical signals in the picosecond range. One usually resorts to sampling techniques that do not apply to single-event signals. Pattern recognition is an alternative way to perform signal analysis. This technique is well known in the context of the spatial analysis of two-dimensional scenes. It relies on the comparison of an input object with a series of filter patterns which have been stored in a data bank. It is restricted to the recognition of one pattern among those that are contained in the data bank, but it applies to single events and it can be very fast since it relies on the cross-correlation processing capabilities of nonlinear optical materials. We adapt this procedure to the temporal domain.
In persistent spectral hole burning (PSHB) materials, a spectral shape can be engraved in the absorption profile of the material. Let light-absorbing centres be embedded in a crystal or amorphous host matrix ( figure 1(a) ). At very low temperatures, their individual linewidth (known as the homogeneous linewidth and denoted as hom ) approaches the fluorescence-limited width of an isolated centre. The lower limit of this parameter ranges from a few kilohertz in a rare-earth ion to a few tens of megahertz in an organic molecule. However, each active centre is located in a specific environment that shifts its energy levels in a specific way. As a result, the transition frequencies of identical centres are distributed over an interval in which is known as the inhomogeneous width. The absorption band of a macroscopic piece of material combines the contributions from the frequency-scattered individual centres and its width is close to in ( figure 1(b) ). Monochromatic excitation at a frequency ν L results in the local reduction of the absorption coefficient over an interval 2 hom , due to the ground state depletion of resonantly excited centres and to their correlated transfer to the upper level of the transition. A two-level atom rapidly returns to equilibrium and the hole burnt in the absorption band is erased. However, chemical reaction channels, which are closed in the lower level, may be opened in the excited state (figure 1(c)). Therefore, excited centres may decay to the ground state of a different entity (the photoproduct) and the burnt hole may survive. In this way, a spectral structure can be engraved in the absorption band which may be regarded as a temporal frequency domain photographic plate, the size of which is represented by in . The grain of the plate is nothing but the homogeneous width hom which is much smaller than in . In other words, this optical recording material offers an additional spectral dimension that complements the spatial dimensions of conventional materials. As in any quadratic material, the recorded feature is proportional to the distribution of the incident energy. When two beams, propagating along wavevectors k 1 and k 2 , are directed to the sample at times t 1 and t 2 , the engraved structure is proportional to
whereẼ 1 ( r, ν) andẼ 2 ( r, ν) represent the space-and frequency-dependent field amplitudes. A third beam of amplitudeẼ 3 ( r, ν) and wavevector k 3 is filtered by this recording at time t 3 , and the signal diffracted in the direction
LetẼ 1 ( r, ν),Ẽ 2 ( r, ν) andẼ 3 ( r, ν) be plane waves and let the fieldẼ 2 ( r, ν) be uniform over the spectral width of the storage interval. In other words, this field is assumed to be a pulse shorter than −1 which strikes the sample at time t 2 . Then the signal amplitude reduces tõ A Fourier transform of this expression leads to the following temporal profile:
where ⊗ denotes the cross-correlation operator. Therefore, through this procedure, the input temporal profile E 3 (t) is cross-correlated with the recorded filter E 1 (t). If the two temporal patterns are identical, the signal peaks at t = t 3 + t 2 − t 1 . The temporal resolution is given by homogeneous and inhomogeneous widths equal 0.5 GHz and 4 THz, respectively. Therefore, the potential resolution of the cross-correlation process amounts to 0.25 ps and the pattern length could reach about 2 ns. In the demonstration, the pattern length is limited to about 25 ps and the storage window is reduced to 1.1 THz. The filter and input patternsẼ 1 (ν) and E 3 (ν) belong to the same family of Hadamard functions [1] that satisfy the orthogonality condition
The experimental set-up is shown in figure 2 . The recording material is cooled down to 1.7 K in a liquid helium cryostat. The different beams are split from a single initial broadband laser pulse (10 ns long). In this demonstration experiment, the reference field E 1 (ν) and the input field E 3 (ν) are constructed by the same spectral shaper made with a two-grating device that was proposed originally by Froehly et al [4] and was further experimented on by Weiner et al [5] . A liquid crystal phase modulator array, inserted between the two diffraction gratings, transfers the spectral patterns to the light beam that is successively used to record the filter in the PSHB slab and to convey the input temporal object to the engraved filter [1] . The initial field plays the role of E 2 (t). The detection of the output signal E s (ν) at time t = t 3 +t 2 −t 1 is effected with the help of a fixed-delay field correlator device which detects the interference pattern of E s (ν) with a gating pulse. The different delays are controlled with the help of two optical delay lines DL 1 and DL 2 , which are set to a fixed position. During the recording of the filter shape, shutters Sh 1 and Sh 2 are opened and closed, respectively. The converse configuration is selected when the input object is directed to the engraved filter. A complete description of the set-up and the procedure can be found in [6] .
A family of 32 orthogonal phase shapes is considered. Figure 3 represents the amplitude of E s (t 3 + t 2 − t 1 ) for each of the 32 input patterns after pattern #12 has been recorded in the PSHB material [2] .
It appears that complex ultra-fast spectro-temporal shapes can be faithfully stored and retrieved in a photosensitive material where large polyatomic molecules, dispersed in a polymeric amorphous matrix, play the role of absorbing centres.
This demonstration is restricted to using a reference data bank which contains a single element. By assigning a specific direction to the wavevector k 2 for each recorded pattern, it would be possible to simultaneously compare the input object to a large set of reference patterns, the response of which would be detected in different directions at the same time [3] .
